Electromyographic ROM Range of movement AIM If increased muscle stiffness and contractures in children with cerebral palsy (CP) are related to impaired muscle growth, reduced muscle growth should precede or coincide with increased muscle stiffness during development. Here, we compared the volume of the medial gastrocnemius muscle and the passive (non-neural) stiffness of the triceps surae musculotendinous unit in typically developing children and children with CP from birth until 4 years of age.
INTERPRETATION
The deviation of medial gastrocnemius muscle volume, earlier than musculotendinous unit stiffness, is consistent with the hypothesis. The data also point out that muscle atrophy and muscle stiffness already develops within the first 1 to 2 years. This emphasizes the necessity of early interventions to promote lower limb muscle growth in this population.
Muscle contractures are a main cause of functional disability in children and adults with cerebral palsy (CP). 1 Muscle contractures are characterized by increased stiffness of muscle and connective tissue, reduced range of joint movement, and altered joint position. 1, 2 It has been thought that contractures develop late in childhood as a consequence of spasticity, 3, 4 but this view has been challenged by recent findings showing that significant stiffness of muscle and connective tissue has already developed at the age of 3 years in children with CP. 5 Furthermore, range of movement (ROM) in the ankle joint has been found to be strongly reduced before the age of 4 years and remains nearly unaltered later in childhood. 4 Interventions which reduce spasticity have also been shown to have no effect on the development of contractures. 6, 7 An alternative hypothesis is that contractures in children with CP may be related to reduced muscle growth. 8, 9 A number of studies have documented that growth of muscles is impaired in children with CP. 2, 10 This is, in all likelihood, related to insufficient muscle use since growth of muscles appear to follow the trajectory of typically developing children until around 18 months of age which is shortly after typically developing children obtain weight bearing and start walking. 2 Since bones grow rapidly during this period, the idea is that the relatively lower growth of the muscles gradually increases the tension on the muscle fibres and stretches the sarcomeres. 9, 11 Muscle, tendon, and connective tissue in the extracellular matrix undergoes structural changes leading to increased tissue stiffness and eventually clinically manifested contractures. 11 If this hypothesis is correct, reduced growth of muscles should precede or coincide with changes in stiffness and the development of clinically manifested contractures. Here, we used three-dimensional ultrasound to measure the volume of the medial gastrocnemius muscle in typically developing children and children with CP aged 0 to 4 years. Differences in age-related growth of the muscle were related to differences in the development of non-neural (passive) and reflex-mediated stiffness of the triceps surae musculotendinous unit in the two populations. We aimed to determine if reduced muscle growth precedes or coincides with altered stiffness of the musculotendinous unit in children with CP, which would indicate a possible causal relationship.
METHOD Participants
Forty-eight children with CP and 50 typically developing children were recruited for the study. However, data of sufficient quality (due to excess electromyographic [EMG] activity [see below] or insufficient visualization of muscle in ultrasound measurements) could not be obtained for 12 children, and data from only 41 children with CP and 45 typically developing children were included in the study (Fig. 1) . Seventeen of the children with CP were diplegic and 24 were hemiplegic (unilateral CP; Table I ). Four of the children in the age group below 12 months had not received a definite diagnosis of CP yet, but based on the presence of lesions determined by magnetic resonance imaging their risk of developing CP was estimated to be sufficiently high to justify their inclusion in the CP group. Children with dystonia and children who had received botulinum neurotoxin A treatment were not included in the study. Children were not given a Gross Motor Function Classification System level since the majority were younger than 2 years of age and showed variable developmental motor scores. Children with CP were therefore only divided according to ambulation and weight-bearing. Participants were recruited through the Danish Cerebral Palsy Organisation and the Elsass institute (Charlottenlund, Denmark).
The study was approved by the local ethics committee (H-15010991) and all procedures were conducted within the standards of the Helsinki declaration. Before experiments, parents received written and verbal information, and consent for participation was obtained.
Experimental protocol
Height, weight, and fibula length were measured initially for each participant. Freehand three-dimensional ultrasound measurement of the volume of the medial gastrocnemius muscle was obtained, with the ankle in neutral position and the knee fully extended. Participants lay prone on a plinth. Passive and reflex mediated resistance to ankle dorsiflexion as well as ROM in the ankle joint were measured using a portable dynamometer (Movotec, Charlottenlund, Denmark). Participants lay supine. Only the most affected leg of children with CP and the right leg of typically developing children were investigated.
Combined ultrasound and stiffness measures were obtained in 23 typically developing, 15 children with unilateral CP, and 14 children with diplegic CP. Because of failure of technical equipment, time constraints, or lack of cooperation from the child, it was not possible to obtain both measures in the remaining children. Ultrasound measures were obtained without stiffness measures in six typically developing children and two children with diplegic CP. Stiffness measures were obtained without ultrasound measures in 16 typically developing children, five children with unilateral CP, and one child with diplegic CP. ROM measures were obtained in the same children in whom stiffness measures were obtained.
Ultrasound measures
A computer-based B-mode ultrasound scanner with a 128-element beam former and a 10MHz linear transducer with a 60mm field of view (Echoblaster 128; Telemed, Vilnius, Lithuania) was used to record ultrasound images. Freehand three-dimensional ultrasound was used to measure muscle volume as has been previously described and validated. 12, 13 The volume of the medial gastrocnemius muscle was calculated using Stradwin software ( Fig. 2a,b ; Stradwin version 5.1; Cambridge University, Cambridge, UK).
Measurements of stiffness of the triceps surae musculotendinous unit
Measurements of passive and reflex-mediated stiffness elicited by ankle dorsiflexion were obtained using a custombuild hand-held dynamometer.
14 Similar principles for evaluation of passive and reflex-mediated stiffness were applied in the study by Willerslev-Olsen et al. 5 on children with CP in the age range 3 to 14 years. Data were sampled at a rate of 512Hz and transferred to a computer via Bluetooth for further analysis in Matlab (Mathworks, Natick, MA, USA). The device was attached to a footplate, which was glued to the sole of sandals of varying size in order to fit infants of different ages. The operator moved the ankle joint from maximal plantar flexed position to maximal dorsiflexion at either a slow velocity (~<20deg/sec) or as fast as possible through the entire ROM by applying force to the foot through a handle on the device. EMG activity was sampled from bipolar surface EMG electrodes (0.5mm diameter, 2cm between electrodes; Ambu Blue Sensor NF-00-S/12; Ambu, Ballerup, Denmark) placed over the soleus muscle at the distal part of the gastrocnemius muscles. The device was equipped with strain gauges, which permitted measurement of the applied torque during the slow and fast stretches. Stiffness was calculated at any given point of the movement as ratio between the torque and the movement:
What this paper adds
• Medial gastrocnemius muscle growth is reduced in children with cerebral palsy (CP) around 12 months after birth.
• Triceps surae musculotendinous unit stiffness is increased in children with CP around 27 months after birth.
• Reflex excitability is rarely increased in children with CP.
• Reduced muscle growth may be involved in the pathophysiology of contractures.
Slow stretches
An example of a slow stretch is given in Figure 2 for a child with CP. Five to ten trials were collected. Only trials in which no EMG activity was observed in the soleus muscle recording were accepted for further analysis. EMG activity was defined as any activity above 5lV during the measurement. 15 This was done in order to ensure that only passive (non-neural) elastic properties of the muscle, connective tissue, tendon, and joint were measured. 15 For each accepted trial, the muscle stiffness values were extracted for percentages from 30% to 80%, in steps of 10% of the measured ankle joint ROM. An exponential function was fitted to these data (using the exp2 fitting routine in Matlab) with angular displacement (d ankle ) in degrees as the independent variable and muscle stiffness (K muscle ) as the Ellipses indicate the number and distribution of children included in the different measurements. CP, cerebral palsy; TD, typically developing; DCP, diplegic cerebral palsy; UCP, unilateral cerebral palsy. dependent variable. The three trials that showed the largest r 2 for the fit (i.e. the three trials that were most similar) were selected for further analysis. Only data in which an r 2 value larger than 0.8 were accepted for further analysis. This was done in order to minimize any influence of variability in the performance of the measurement and ensure that the measured stiffness provided a valid and consistent estimate. Furthermore, this fitting procedure allowed us to estimate the passive muscle stiffness at any given point in the ROM. We decided to measure the stiffness in all cases around three different positions of the ankle joint corresponding to 30%, 40%, and 50% of ROM, since the stiffness at this position of the joint is likely to be only minimally influenced by tendon and joint stiffness and may therefore be attributed mainly to stiffness in the muscle fibres and the surrounding connective tissue. The stiffness was calculated as the change in torque required to move the ankle joint from 5 degrees below to Experimental setup. Volume of the medial gastrocnemius muscle was determined using freehand three-dimensional ultrasound (a). Slow (<10deg/s) and fast (>300deg/s) passive dorsiflexion movements of the ankle joint were made throughout the range of ankle joint movement to determine passive stiffness (c) and reflex mediated stiffness (d). A portable device for spasticity assessment containing load cells, accelerometers, and gyroscopes was used for these measurements. Automatized calculation of the medial gastrocnemius muscle volume (mv) was made using Stradwin software. An example of an ultrasound image with the muscle marked out in red for volume calculation using Stradwin software is shown in (b). Below that, the calculated three-dimensional outline of the muscle is shown. The traces in (c) give, from top to bottom, the position of the ankle joint, the soleus electromyographic (EMG), and the torque used to make a slow dorsiflexion movement of the ankle joint using the portable spasticity assessment device. In 5 degrees above these positions. The three values obtained from this calculation were averaged in order to obtain one representative measure of stiffness in each child. This procedure was chosen to minimize variability and ensure that we measured the stiffness when the muscle tissue was stretched without opposition from bone or joint structures. Stiffness was relatively constant at these positions of the joint, but increased strongly in some children when the ankle joint was moved in more dorsiflexed positions, inducing very significant variability in the measures.
Fast stretches
After the slow stretch trials, five fast stretch trials were performed in order to investigate stretch reflex onset and stretch reflex mediated stiffness (Fig. 2d) . The EMG signal was band pass filtered at 64 to 128Hz using a zero phase, third order Butterworth filter. Peaks in the filtered EMG signal were identified using a custom build Matlab function. Only peaks within a time window from plus-minus 50ms around the time of the maximal velocity of the stretch were considered relevant reflex activity. A threshold for peak detection of three times the standard deviation of the filtered EMG signal was implemented in order to clearly identify stretch reflexes. We measured the mean torque in an interval of 100 to 200ms after the onset of the stretch reflex. This interval corresponds to the time to peak tension of the reflex. [16] [17] [18] [19] [20] The fit obtained from the slow trials, described above, was used to estimate the passive muscle stiffness in this interval. Lastly, the reflex mediated stiffness was estimated by subtracting the estimated passive stiffness from the total stiffness.
Data analysis
Sigmaplot 13.0 (Systat Software Inc., San Jose, CA, USA) was used to produce all graphs. SPSS 24.1 (IBM Corp., Armonk, NY, USA) was used for all statistical analysis. Linear regression analysis and Pearson product correlation were used to determine the relation between parameters (muscle volume, age, stiffness, and ROM) and analysis of covariance (ANCOVA; general linear model; univariate analysis with covariate) was used to determine the difference in slope between regression lines for the populations of typically developing children and children with CP (2 degrees of freedom). Subsequent Johnson-Neyman analysis was used to determine the regional statistical significance between the regression lines. 21 This analysis determines the data point at which the regression lines for the two populations begin to significantly separate from each other with a p value of less than 0.05.
RESULTS
No significant differences were found in age-related changes in muscle volume, passive stiffness, reflex stiffness, or ROM between children with unilateral CP and diplegic CP (Table I) . For subsequent statistical comparison to typically developing children, data from all children with CP were, therefore, merged. Nevertheless, children with unilateral CP have been marked by closed circles and children with diplegic CP have been marked by open circles in Figures 3 and 4 .
Muscle volume increased linearly with age with a slope of 0.52ml per month ( Fig. 3a ; red circles; r 2 =0.67), whereas it increased linearly with only 0.28ml per month in children with CP ( Fig. 3a; white and black circles; r 2
=0.74).
The difference in the slope between the two populations was statistically significant (Fig. 3a; ANCOVA, F=5.71; p<0.001). Johnson-Neyman analysis indicated a significant separation between the two data sets starting at the age of 12 months. Children with CP are also seen to deviate from the lower 95% confidence interval for the typically developing population around this time ( Fig. 3a; red dotted line).
Passive stiffness increased significantly more with age in children with CP (0.09Nm/rad/mo; r 2 =0.68) than in typically developing children (0.02Nm/rad/mo; r 2 =0.32; ANCOVA, F=2.2; p<0.01). Johnson-Neyman analysis revealed a significant deviation between the two data sets at 27 months of age. Children with CP deviate from the upper 95% confidence interval for the typically developing population around 30 months of age ( Fig. 3b ; red dotted line).
When plotting passive stiffness against muscle volume for those children in whom both measures were taken, a positive correlation was found for both typically developing (n=23) and children with CP (n=29) (Fig. 3c) . However, stiffness increased significantly more with increasing muscle volume in the children with CP than in the typically developing children (ANCOVA; F=38.9; p<0.001). There were no significant differences in the slope of the regression curves between children with unilateral and diplegic CP (ANCOVA; F=0.2; p=0.72).
ROM in the ankle joint decreased linearly with age in typically developing children ( Fig. 3c red circles; À0.21deg/mo; r 2 : 0.3; p<0.01) and children with CP (Fig. 3c , white and black circles; À0.5deg/mo; correlation coefficient 0.41; p<0.001) without any significant difference between them (p=0.2). However, four children with CP older than 30 months (3 with diplegic CP, 1 with unilateral CP; corresponding to 25% of CP children older than 30mo) were observed to have lower ROM than the 95% confidence intervals for the typically developing children.
For both typically developing children and children with CP, significant correlation was found between (1) 
=À0.54, p=0.04).
In children younger than 12 months, significant stretch reflexes were observed in the majority of both typically developing children and children with CP without any difference in the average size of the reflexes for the two populations ( Fig. 4 ; 0.99Nm vs 0.93Nm; p=0.44). There was no significant difference in velocity or acceleration of the stretches with age in any of the populations (p>0.5). There was also no difference in the average velocity or acceleration between the populations (p=0.21). It was not possible to elicit any stretch reflexes in typically developing children older than 12 months, although a velocity of movement above 300 degrees per second was obtained in all children (Fig. 4b, red circles) . Stretch reflexes were also not elicited in the majority (22/26) of children with CP older than 12 months (Fig. 4b, open and white circles) . The exceptions were three children with diplegic CP and one child with unilateral CP.
All typically developing children older than 14 months were independently ambulatory, whereas this was only the case in eight of the children with CP. These children showed a significantly larger medial gastrocnemius muscle volume than the 17 children who were not independently ambulatory (15.2ml SD 5.3ml vs 10.7ml SD 4.6ml; p<0.01). Passive stiffness was similar in ambulant and nonambulant children (p=0.51). There were also no significant differences in age, height, and weight in the two populations (p>0.4).
DISCUSSION
In this study we have found medial gastrocnemius muscle volume in children with CP deviates from the growth curve observed in typically developing children before any sign of pathologically increased stiffness of the triceps surae musculotendinous unit was observed. This is consistent with the hypothesis that impaired muscle growth plays a role in the development of contractures in children with CP. We also observed pronounced ankle muscle stretch reflex activity in the first year of life, which was equally pronounced in typically developing children and children with CP. In the following years, increased reflex excitability was only observed in a small number of children with CP (25%). The clinical assumption that hyperexcitable stretch reflexes are associated with the development of increased muscle stiffness and contractures is not supported by an objective assessment of hyperreflexia in children with CP. Our estimates of muscle growth in typically developing children are similar to those reported in other studies. 2, 10 The time of significant deviation in muscle growth for typically developing children and children with CP in our study (12mo) also corresponds well to the slightly later deviation (15mo) in the study by Herskind et al. 2 This points to a role of weight-bearing and muscle for the reduced muscle growth in children with CP. The significant difference in muscle volume found between ambulant and non-ambulant children with CP is consistent with this.
The present study is the first to present instrumented measurements of passive and reflex-mediated stiffness of the triceps surae musculotendinous unit in infants and children below the age of 3 years. A small but significant increase in passive stiffness with age was observed in typically developing children (Fig. 3b) . This increase is likely explained by greater resistance to passive torque with larger muscles as muscles grow with age. [22] [23] [24] Stiffness is consequently likely to increase further with increase in muscle volume in older children and adults due predominantly to the larger size of the muscle. Consistent with this, plotting muscle stiffness as a function of muscle volume revealed that the increased stiffness in children with CP is underestimated, if their smaller muscle size is not taken into account (Fig. 4) . However, alterations in properties of the contractile and non-contractile tissues secondary to mechanical loading when children start walking may also contribute to the increased stiffness with age.
Since previous studies have indicated that stiffness is increased in 3-year-old children with CP as compared to typically developing children, it was not surprising to find that stiffness in children with CP deviated significantly from typically developing children around the age of 27 months. 5 The most important aspect of this observation is that it allows us to conclude that increased passive stiffness is not seen from birth in children with CP, but appears to arise at a time during development, which is later than the observed reduction in medial gastrocnemius muscle growth. This is consistent with the hypothesis that reduced growth of ankle plantarflexor muscles is an important step in the pathophysiological development of increased passive stiffness in children with CP. 9 It seems likely that reduced muscle growth secondary to reduced neural activation and delayed and reduced weight-bearing results in stretch of muscles when bones elongate during development. The resulting tension on the muscle-tendon complex is a likely stimulus for alterations in the elastic properties of the muscles, tendons, and connective tissue. 9 However, further longitudinal and mechanistic studies are necessary to confirm this.
It should be noted that reliable measurements of passive stiffness depended crucially on whether the children were fully relaxed and the ankle muscles were silent when the measurements were performed. This was not possible in all children, which is the main reason why data from 12 children had to be discarded (see 'Method'). In the remaining children, it was possible to make the child sufficiently comfortable to be able to perform the necessary measurements without EMG activity in the soleus muscles. This often involved performing more than 10 measurements where the majority needed to be discarded subsequently. It is likely that we could have obtained reliable estimates of passive stiffness more easily if we had performed the measurements while the child was asleep. However, since we also wanted to measure stretch reflexes and reflex mediated stiffness, which changes with sleep, this was not an option.
The present study is the first to demonstrate quantitative evidence that stretch reflexes are present and have a considerable size in both typically developing children and children with CP under the age of 10 months to 12 months. This is similar to what has been demonstrated previously for reflexes elicited by tendon tapping. [25] [26] [27] [28] We were not able to elicit any stretch reflexes in older, typically developing children and succeeded in only six children with CP. This reduction in reflexes in both typically developing children and most children with CP could not be explained by lower stretch velocity or acceleration, since they were similar in all children. This indicates, as has also been suggested in other studies, that reflex excitability is restricted during development, possibly because of increased presynaptic inhibition of muscle spindle afferents or decreased motoneuronal excitability. 25 This appears to be the case for both typically developing children and children with CP. Stretch reflexes were consequently found to be similar in infants with and without CP before the time that increased passive stiffness is observed in children with CP. This challenges current hypotheses, which suggest that reflex hyperexcitability is responsible for the development of increased passive stiffness and eventual contractures. Other studies have also put doubt on such hypotheses by demonstrating that abolishment of stretch reflexes by dorsal rhizotomy has no or little effect on the development of contractures in children with CP. 7 Measurements of ankle ROM did not reveal any significant difference between the two populations. It has been previously reported in a large cohort of children with CP that the ROM decreases significantly before the age of 4 years. 4 Our findings are consistent with this, but also point out that ROM changes significantly in typically developing children within this time span. This illustrates the necessity of comparing observations in children with CP to observations in typically developing children. The low number of participants in our study -and especially for the older children -does not permit normative values for changes in ROM in typically developing children to be calculated, but this should have high priority in order to more thoroughly understand the routine clinical evaluation of ROM in children with CP. The lack of significant differences in ROM between the two populations despite different trajectories of muscle growth may be related to the low number of older children, but it is also a possibility that adaptive changes in connective tissue and tendon ensure normal movement range despite the reduction in muscle size at least for some children with CP. Manifest contractures were evident in five of the older children with CP and it is likely that several of the children with CP with low muscle volumes and high stiffness will develop contractures within the following years. Clarification of this will require a longitudinal study.
CONCLUSION
In this study we have shown that muscle growth is reduced before increased passive stiffness of the triceps surae musculotendinous unit during development in children with CP, which is consistent with a role for impaired muscle growth in the pathophysiology of increased stiffness and contractures. Stretch reflexes were similar in children with CP and typically developing children before development of passive stiffness, suggesting that spasticity is unlikely to play a significant role in the pathophysiology of increased passive muscle stiffness and contractures.
